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ABSTRACT
The transient atoll source 4U 1608–52 had been extensively observed by the Rossi X-
ray Timing Explorer (RXTE ) during its 1998 outburst. We analyse its X-ray spectra
as a function of inferred accretion rate from both the 1998 outburst and from the
non-outburst 1996 and 1998 data. We can fit all the spectra by a model in which
seed photons from the neutron star surface are Comptonized in a boundary layer. The
Comptonized emission illuminates the accretion disc surface, producing an ionized, rel-
ativistically broadened reflection signature, while the direct emission from the accretion
disc can also be seen. The evolution of the source can be explained if the main parame-
ter driving the spectral evolution is the average mass accretion rate, which determines
the truncation radius of the inner accretion disc. At low mass accretion rates, in the
island state, the disc truncates before reaching the neutron star surface and the inner
accretion flow/boundary layer is mostly optically thin. The disc emission is at too low
a temperature to be observed in the RXTE spectra, but some of the seed photons from
the neutron star can be seen directly through the mostly optically thin boundary layer.
At higher mass accretion rates, in the banana state, the disc moves in and the boundary
layer becomes much more optically thick so its temperature drops. The disc can then
be seen directly, but the seed photons from the neutron star surface cannot as they are
buried beneath the increasingly optically thick boundary layer.
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1 INTRODUCTION
Low Mass X-ray Binaries (LMXBs) with a neutron star pri-
mary can be observationally divided into two main cate-
gories, namely atolls and Z sources (Hasinger & van der Klis
1989). This classification is based on changes in both spec-
tral and timing properties as the source varies, and probably
reflects differences in both mass accretion rate, M˙ , and mag-
netic field, B. The Z sources have high luminosity (typically
more than 50 per cent of the Eddington limit) and magnetic
field (B > 109 G) while the atolls have lower luminosity
(generally less than 10 per cent of Eddington) and low mag-
netic field (B ∼ 108 G) (Hasinger & van der Klis 1989).
Both atolls and Z-sources show spectral changes which
form a well defined track in a colour-colour diagram. The
atolls show hard, power-law spectra at low luminosities (is-
land state), which are startlingly like the low/hard spec-
tra of Galactic black hole binaries (e.g. Barret & Vedrenne
1993; van Paradijs & van der Klis 1994; Barret et al. 2000).
At higher luminosities the spectra are typically much softer
(banana state; e.g. di Salvo et al. 2000; Piraino, Santangelo
& Kaaret 2000). The Z sources always show soft spectra,
but there are subtle spectral changes which show up as a
Z-shaped track on a colour-colour diagram. Both types of
sources move along their tracks on the colour-colour dia-
gram on time-scale of hours to days, except the island state
of atolls, where motion can take days or weeks. They do not
jump between the track branches. Most of the X-ray spec-
tral and timing parameters depend only on the position of
a source in this diagram. This is usually parameterized by
the curve length, S, along the track.
Until recently the atolls were thought to show a char-
acteristic C- (or atoll) shaped track on the colour-colour
diagram. However, mapping the full range of colour-colour
changes for these LMXBs is difficult because the data avail-
able from most of the sources show little variability. There
are only a few transient LMXBs with enough observations
covering wide range of luminosities, to follow the whole track
traced out in the colour-colour diagram. In these transient
systems the C-shaped path is only a subset of a larger track.
At low luminosities, evolution within the island state forms
an upper branch, turning the C into a Z (Gierlin´ski & Done
2002; Muno, Remillard & Chakrabarty 2002).
While the colour-colour diagram is clearly useful as a
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way of parameterizing the spectral changes, true spectral fit-
ting gives much more information on the underlying phys-
ical changes in the source emission. Here we look at the
detailed spectral shape of the transient atoll 4U 1608–52 as
a function of its position on the colour-colour diagram, and
show for the first time that all the spectra can be fit with a
model in which a Comptonized boundary layer around the
neutron star illuminates the accretion disc, giving rise to a
relativistically smeared (and often highly ionized) reflected
component and iron line. We show that the spectral changes
mapped by the colour-colour diagram are consistent with a
picture in which increasing average mass accretion rate in-
creases the optical depth of the boundary layer and decreases
the inner radius of the accretion disc.
2 THE SOURCE
4U 1608–52 is one of the transient neutron star LMXBs, with
outbursts triggered by the disc instability which reoccur on
time scales of ∼ 80 days to 2 years (Lochner & Roussel-
Dupre´ 1994). However, little is known about the system as
the optical counterpart is very faint (Grindlay & Liller 1978;
Wachter 1997). The distance is likewise poorly known. The
current best estimate of 3.6 kpc is from observations of flux
saturated (radius expansion, Eddington limited) type I X-
ray bursts (e.g. Nakamura et al. 1989). The inclination is
constrained only by the fact that there are no eclipses in the
X-ray light curve. The neutron star spin may be indicated
by the recently detected burst oscillation in RXTE at 620
Hz (Muno at al. 2001)
Hasinger and van der Klis (1989) classified 4U 1608–
52 as an atoll source from its spectral and timing proper-
ties. Mitsuda et al. (1989) observed with Tenma a continu-
ous spectral transition from the banana high-luminosity, soft
thermal spectrum to the island state with its low-intensity,
hard power-law spectrum. They successfully fit these spec-
tra by a two-component model consisting of the multicolour
blackbody from the accretion disc and the Comptonized
blackbody from the boundary layer. Higher energy obser-
vations with BATSE show that the island state power law is
cut-off above ∼ 100 keV (Zhang et al. 1996). An iron fluores-
cence line is detected in the Tenma X-ray spectra (Suzuki
at al. 1984) with intensity weakly correlated with the source
flux (Hirano et al. 1987). Ginga observations showed spec-
tra in varying stages between the island and banana states,
where the iron line (modelled including the Compton re-
flected component) increased as the spectrum softened and
the source moved towards the banana branch (Yoshida et
al. 1993).
The power density spectrum of 4U 1608–52 in the island
state resembles that of the black holes in the hard state
(Yoshida et al. 1993). It is characterized by a flat top noise
(Pν ∝ ν
s, with the slope s ∼ 0) below and a turn-over
above a certain frequency, νb ∼ 0.2–1 Hz. There is also a
low-frequency quasi-periodic oscillation (QPO) around 2–9
Hz. RXTE has seen a similar spectrum, where the high-
frequency noise can be represented by the exponentially cut-
off power law (Yu et al. 1997). In the banana state the power
spectrum consists of very low-frequency noise below ∼ 1 Hz
(power law with s ∼ −1), and an exponentially cut-off power
law at higher frequencies (Me´ndez et al. 1999).
Twin kilohertz QPO’s were detected by RXTE (van
Paradijs et al. 1996; Berger at al. 1996; Me´ndez et al. 1998a)
with varying peak separation (Me´ndez et al. 1998b). A third
kilohertz QPO has also been detected (Jonker, Me´ndez &
van der Klis 2000). The kHz QPOs are only found in a lim-
ited range of the colour-colour diagram, near the transition
between the island and banana states (Me´ndez et al. 1999).
3 DATA ANALYSIS
We have analyzed RXTE observations from the 1998
February–April outburst (archival numbers P30062, P30188,
and P30502) and from low-luminosity observations in 1996
December (P10094) and 1998 June, August and September
(P30419). All these data belong to the Proportional Counter
Array (PCA) gain Epoch 3. A conservative prescription to
characterise uncertainties in the instrument response is to
add 2 per cent systematics to the data for bright sources (e.g.
Cui et al. 1997), irrespective of which detector/layer combi-
nation and gain epoch are used. However, inspection of data
from the Crab shows that in Epoch 3, when using only top
layer data from detectors 0 and 1, smaller systematics of 0.5
per cent are more appropriate (Wilson & Done 2001). We
have repeated this Crab analysis, and found that even using
a single absorbed (fixed at NH = 3.2× 10
21 cm−2; Massaro
et al. 2000) power law gives a reduced χ2 = 1.1 with 0.5 per
cent systematic errors. This clearly shows that there are no
residuals in the response (e.g. features from the Xenon edge
at 4.7 keV, or from the rapid decrease in effective area at
low energies) of the top layer of detectors 0 and 1 at this
level at this time. This is not the case for all layers and all
detectors, where the reduced χ2 = 2.2 with 0.5 per cent sys-
tematic errors and there is a clear feature in the residuals
at low energies. Thus we use only data from Epoch 3, and
from the top layer of detectors 0 and 1, and apply 0.5 per
cent systematic errors. However, we have checked that our
conclusions are robust even to using 1 per cent systematics,
although this gives unrealistically low χ2 values.
First, we created PCA light-curves for each energy chan-
nel in 128 s time bins. We excluded all the data affected
by the type I bursts. This gave us 240 ks of PCA data.
The light-curves were used to build a colour-colour diagram,
defining a soft colour as a ratio of 4–6.4 to 3–4 keV count
rates, and a hard colour as a 9.7–16 over 6.4–9.7 keV ratio.
These count rates are corrected for the slow variations in
the PCA response (van Straaten et al. 2000; see Gierlin´ski
& Done 2002 for technical details applied here). The dia-
gram is shown in Fig. 1.
Next, we extracted the PCA and High Energy X-ray
Timing Experiment (HEXTE) spectra corresponding to dif-
ferent positions in the colour-colour diagram. We have as-
sumed that 4U 1608–52 shows a Z-shaped track on the di-
agram, with inferred accretion rate increasing along the Z:
from left to right on the upper branch, through the diagonal
to the lower branch (Gierlin´ski & Done 2002; Muno et al.
2002). The diagonal branch is sparsely covered in this data
selection. We divided the diagram into eight regions (boxes),
as shown in Fig. 1, and averaged the spectra over each box.
Neutron star LMXBs are known to vary in luminosity at
given colours, creating the so-called parallel lines in colour-
intensity diagrams (e.g. van der Klis 2001). Therefore, within
